The aim of this study is to investigate and to model the damage mechanisms of concrete after exposure to 
INTRODUCTION
The present work has been conducted within the framework of the study of concrete behaviour at high 
PRINCIPLE OF THE MULTI-SCALE

IDENTIFICATION OF THERMAL DAMAGE
The thermal damage of concrete presents a specific mechanism directly associated to the nature of this heterogeneous material. 
THERMAL DAMAGE MODEL
In the proposed approach, we have divided into two main categories the basic mechanisms leading to the thermal damage of concrete. This process is continued with the homogenized mortar and concrete aggregates to finally obtain the thermo-mechanical concrete behavior.
Necessary simplifications
A model with full interaction between mechanical properties, thermal properties and moisture flow is beyond the scope of this research. Some properties will have to be simplified in the model. In this paragraph, an indication will be given of the simplifications that seem necessary. The mechanical properties of the different components will be modelled as precisely as possible.
However, in the case of missing data assumptions will be made. Strain-stress-temperature relations have already been discussed above. The density of concrete will be assumed to stay constant during heating. Test results indicate that the weight loss due to evaporation of moisture is very small compared to the total density of concrete. In the model, a uniform time-dependent temperature distribution is imposed on the concrete specimen that will not be dependent on heat flow
Moisture flow is very much dependent on the geometry of a concrete specimen. In general, moisture will try to escape through the concrete surface. In this model we shall try to gain insight into the material behaviour of concrete. Geometry is eliminated when a small block of concrete, in which moisture flow plays no role, is modelled.
The basis of the models used
In this part, we present the basis of the Digital
Concrete (DC) model and MODEV damage model implemented into SYMPHONIE F.E. code and used simultaneously to identify the thermal damage of concrete.
The DC microscopic model
The local DC model considers a random approach to generate the internal structure of the heterogeneous materials like concrete, mortar or even cement paste on The minimum diameter is determined by the mesh fineness. The diameter of the smallest grain has to be approximately twice the element size. This relation is reversible: when smaller grains need to be simulated, the element size can be adjusted accordingly. The maximum diameter should not be larger than about one third of the total specimen size to prevent the random placement of the particles from changing the behaviour of the specimen. When the maximum diameter is larger, the specimen will also have to be larger. Of course, both for minimum and maximum diameter of the grains, it is important to notice that an increase in the number of elements will largely increase calculation time. For this reason, the range of particle diameters will be limited to approximately a factor 4 between the smallest and the largest grains.
Scaling of Thermal Damage of Cement itious Materials
Each phase is characterized by a number of mechanical parameters, thermal and geometrical specific to the phase considered. These parameters are shown in Table 1 . 
The macroscopic damage model MODEV
The considered thermo-mechanical coupled problem is governed by the following two equations (linear momentum and total energy conservation equations, respectively), in which the dot represents the derivative with respect to time,
and where the small strains assumption has been made. In these equations, σ is the stress tensor, e the strain tensor, u the density of internal energy rate, ρ the mass density and q the heat flux vector given by
function of all the state variables as the thermodynamic potential, which is a function of all the state variables (4) in which Cp is the specific heat and TO, the initial temperature of the system. The current material stiffness fourth order tensor E, ijkl and the second order symmetric coupling tensor C,y are given by q2 Eijkl = -J and C ij • deijdeu Ka.I dSijdT (5) where E 0 is the initial stiffness tensor, Κ the bulk where λ is the thermal conductivity, the aim of which is to account for thermo-mechanical degradation due to increase in cracking.
In order to model isotropic phenomena of thermo elastic and damage within the framework of irreversible processes of thermodynamics, a set of state variables is used.
The Helmholtz free energy density ψ. is then considered as the thermodynamic potential, which is a 
where ef are the Eigen values of the deviatoric strain tensor; a=0.35 is a coupling coefficient to take into account the hydrostatic effect.
The initial yield function of damage for every type is identified by the available elementary tests under uniaxial tension loading and pure shear loading.
where E, G, ν, f t , f cis are respectively the Young modulus, the shear modulus, the Poisson's ratio, strength tensile and shear strength .
In order to have a continuous solution respecting thermodynamics, the yield surface is convex and contains the origin. The criterion is drawn in the principal strain space, in Figure 3 .
Scaling of Thermal Damage ofCementitious Materials: Application to Refractory Concrete
The global macroscopic mechanical damage, computed at every point material, is deduced by combining the 2 damage variables:
(l-dmacro) = (l-Ds)(l-Dd) (13) The law of evojution of the damage variable defines the variation of the yield surface of damage, which is a function of the equivalent strain. We modify the evolution laws according to Mazars by adapting them to the characteristics of MODEV'S mode: (14) where Be and Bt are two hardening parameters of model respectively in compression and traction. To obtain objective results with regard to the mesh, Hillerborg's /ll/ method was adopted. This method consists in introducing the fracture energy into FE model by calculating the softening branch of the tension law.
Due to the nature of the total secant initial formulation the MODEV model was not able to take account of the inelastic permanent strain observed by testing under tension loading and compression loading. As a matter of fact, the inelastic permanent strain in tension is mainly due to the imperfect crack closing. This phenomenon is due to roughness of the crack lips, which prohibits a perfect contact after the first opening. The heterogeneity of the concrete and the presence of aggregates can explain this. Consequently, in compression, the MODEV model postulates that damage mechanism is induced by deviatoric strain and cause a sliding dislocation.
It now becomes necessary to assess the tangent operator of the stiffiiess matrix. This tangent operator allows us to define the relation between the strain increment and the stress increment. The stress-strain relation in the total formulation can be written as follows:
σ^Ο-ά,ΚΜ,ΟΕφ,,ε^
The continuum tangent stiffess is used in solving the non linear equations. The algorithmic aspects are not dealt with here; readers are referred to work of Menou (2004) for more details.
STUDY OF THERMAL DAMAGE
Thermal damage due to restrained thermal strain As described above, the thermal damage due to restrained thermal strain is broken down into macroscopic damage dmacro and microscopic damage dmicro. The global thermal damage is obtained by the following combination: Figure 4 shows the DC simulated evolution of damage in a free concrete sample -whose size is 10 times the size of the coarser aggregate at 423°K.
Thermal damage due to physical/chemical transformations
This damage has been considered in the model by introducing the so-called g damage variable. The evolution of this variable is obtained directly from our tests conducted on cement paste samples. To define this function the effects in the elastic modulus are used because it is the most sensible to the effects of high temperatures mechanical property. Assuming that the relation between the reduction of the elastic modulus and the initial one is proportional to the thermal damage variable, experimental curves relating the elastic modulus with temperature can be used to express this function as,
The damage variable g has been identified experimentally from a test performed on free cement samples obtained by fitting our experimental results ( Figure 5 ).
Note that E(T) is obtained by three-point bending tests on specimens that have been heated at different temperatures and then cooled progressively in order to avoid additional degradation due to quick cooling. Figure 5 shows the g function, obtained by fitting our experimental results, introduced into DC model. This function can be written as follows:
Finally, it results from this that the total damage, as described in Figure 6 , can be written as follows: 
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MODEL VALIDATION
The validation of the model was done by comparing experimental tests on cement mortar and concrete samples. The goal of this experimental study was threefold: to provide physical and chemical damage function g, to validate the numerical multi-scale homogenisation, and to evaluate the accuracy of this approach.
To do this, five materials were tested; cement paste, high-strength mortar (HSM), ordinary concrete (OC), and two types of high-strength concrete (HSC). All materials were tested on notched beam samples, previously heated according to the RILEM recommendations /12/, and subjected to three-point bending moments in order to get some fully steady tests. For each material, 3 notched beam samples 100*100*400 mm3 were tested until failure. All samples were tested at 293°K after having undergone a heating cycle with the following temperatures: 293°K, 393°K, 523°K or 673°K. A temperature rate of 0.5°K/min was adopted for heating and cooling phases. The speed of heating and cooling was optimized by simulation in order to avoid any mechanical damage through the effect of the temperature gradient nd to allow for the moisture transport processes to develop. We assume that the chemical reactions and transformations will mainly take place in the cement paste (for temperatures ranging from 293°K to 673°K). Thus, from the experimental results obtained on the cement paste (g fimction), we can reproduce by simulation the damage behaviour for the mortar and thus for the different concrete materials.
After these simulations, we draw a comparison between numerically predicted laws and those obtained by experiments. The comparison that we present in this article applies to 3 of the 5 materials tested /13/.
Mortar results
The test concerns a notched mortar beam sample, cut dimension (100x100x400 mm3). The sample is slowly heated at a rate of 0.5°K/min until 673°K. For modelling this test with the DC model, we considered the mortar as a two-phase material: one phase of cement paste and η phases of sand aggregates defined according to the graduation of the material. Figure 7 shows the generation of the heterogeneous material with the DC model. The modelling of the temperature evolution is done by considering a transient thermal simulation with the applied boundary conditions on the body of the test sample (0,5°K/min). ΜΛ1 t t
Fig. 7:
Generation and boundary conditions (mortar) Figure 8 shows the iso-levels of the thermal damage at 673°K. The results of the simulation were also compared with tests of three bending points undertaken by Sullivan et al. /14/ on mortar test samples for residual and hot modulus as shown in Figure 10 . The simulation shows that the damage is almost steady between 120 and 423°K. This was also observed experimentally by Sullivan et al. /14/. It is necessary to note that at this level of temperature, the difference between thermal expansion coefficient of cement paste and aggregates is very small. This can explain the non-evolution of damage at this level and also confirm the local mechanical origin of the thermal damage. 
Results on ordinary concrete and highstrength concrete
As for mortar, the concrete test samples measuring (100x100x400 mm3) were heated slowly at a rate of 0.5°K/min until 673°K. The tests were modelled with plain stress hypotheses while considering in this case, the concrete as a two-phase material: the homogenized mortar (made of cement paste and sand aggregates) and η phases of different size grading according to the composition of the material. The results of simulation that we present here concern two different concretes:
Ordinary Concrete (OC)
High-Strength Concrete (HSC)
Ordinary Concrete results Figure 12 shows the experimental and simulated load-displacement curves of the OC at 423°K and 673°K. Figure 15 shows the iso-levels of damage obtained by simulation on SYMPHONIE at 393°K and 673°K. Figure 16 shows the experimental and simulated load-displacement curves of the HSC at 523°K and 673°K. The tests showed that the cementitious materials behave almost identical when the fracture energy Gf is considered as a function of maximum temperature. The thermal damage due to heating from 393 to 673 °K increases the fracture energy by 50 % with the reference tests at room temperature. A more tortuous crack surface is one reasonable explanation for the significant increase in Gf. It is demonstrated by simulation, that the temperature exposure makes all cementitious materials tested significantly more ductile and less resistant. 
High-strength concrete results
Application to refractory concrete
Tests achieved by Simonin (2002) /15/ on refractory concretes (RC) show an important decrease of the stiffness between 473 and 573°K, which can reach 50%. It is important to consider that in this interval, the thermal expansion coefficient of aggregates and concrete is very important. As shown in Figure 19 , this can confirm the micro-mechanical origin of this thermal damage, which cannot be evaluated by a simple macroscopic scale model.
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Table 2
Materials parameters defined for the cement paste and for concrete aggregates Table 3 Thermal expansion coefficient of cement paste.
T(K) α«, (Κ" 1 ) 293 10e-6 393 15 e-6 673 -5 e-6
1473
-25 e-6 Table 4 Thermal expansion coefficient of aggregates 
CONCLUSION
A model for the nonlinear behavior of concrete under coupled mechanical loads and elevated temperatures has been presented. A multi-scale simulation using a DC model was conducted on 4 cement-based materials: a High-Strength Mortar (HSM), an Ordinary Concrete (OC), a High-Strength Concrete (HSC).
A comparison between experimental results and simulation was presented. This comparison shows a good agreement between experiments and simulation for all of the materials tested. These results confirm the relevance of the multi-scale approach to predict the total behaviour of cement-based materials and to quantify the thermal damage. This approach allows a better understanding of the original elementary mechanisms of the thermal damage evolution of concrete at high temperatures, and to clearly separate the mechanical damage (at micro and macro levels) from the physical/chemical damage. We can consider that the micro-mechanical damage of concrete mainly concerns the difference between the characteristics of the aggregates and the cement paste while the physical/chemical thermal damage mainly occurs in the cement paste.
